The lunar magma ocean model is a well-established theory of the early evolution of the Moon. By this model, the Moon was initially largely molten and the anorthositic crust that now covers much of the lunar surface directly crystallized from this enormous magma source. We are undertaking a study of the geochemical characteristics of anorthosites from lunar meteorites to test this model. Rare earth and other element abundances have been measured in situ in relict anorthosite clasts from two feldspathic lunar meteorites: Dhofar 908 and Dhofar 081. The rare earth elements were present in abundances of approximately 0
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The lunar magma ocean model is a well-established theory of the early evolution of the Moon. By this model, the Moon was initially largely molten and the anorthositic crust that now covers much of the lunar surface directly crystallized from this enormous magma source. We are undertaking a study of the geochemical characteristics of anorthosites from lunar meteorites to test this model. Rare earth and other element abundances have been measured in situ in relict anorthosite clasts from two feldspathic lunar meteorites: Dhofar 908 and Dhofar 081. The rare earth elements were present in abundances of approximately 0.1 to approximately 10× chondritic (CI) abundance. Every plagioclase exhibited a positive Eu-anomaly, with Eu abundances of up to approximately 20 × CI. Calculations of the melt in equilibrium with anorthite show that it apparently crystallized from a magma that was unfractionated with respect to rare earth elements and ranged in abundance from 8 to 80 × CI. Comparisons of our data with other lunar meteorites and Apollo samples suggest that there is notable heterogeneity in the trace element abundances of lunar anorthosites, suggesting these samples did not all crystallize from a common magma source. Compositional and isotopic data from other authors also suggest that lunar anorthosites are chemically heterogeneous and have a wide range of ages. These observations may support other models We now have a new lunar sample resource-the lunar meteorite collection-that we can use to test models of lunar crust formation [20] [21] [22] [23] . Lunar meteorites represent samples of the Moon distinct from those collected by the Apollo or Luna missions. In general, lunar feldspathic meteorites tend to be more anorthosite-rich, and poorer in KREEP, than their Apollo equivalents. For example, Warren et al. [24] reported that lunar meteorites tend to have lower incompatible trace element abundances than Apollo samples. The Ni/Ir (as evidence of asteroidal meteoritic addition) of most lunar meteorites is lower than Apollo rocks. As implied by these differences and by evidence from remote sensing compositional data [21, 25, 26] , lunar meteorites almost certainly have sampled different regions of the Moon from those represented by nearside equatorial sample return missions. Indeed, it is very likely that lunar meteorites may have sampled far side highland material more representative of the bulk lunar surface than the nearside regions sampled by the Apollo and Luna missions [15, 20, 21] .
However, lunar meteorites are typically highly impact processed, and deconvolving the chemical and physical effects of impact from primordial signatures is always a challenge. Many lunar meteorites contain anorthositic clasts that may be compositionally pristine [27, 28] , although there is some debate [29] . These 'relict' clasts are of great interest as they may represent fragments of the ancient anorthositic crust, and so provide information about the crystallites from a primordial lunar magma ocean [1, 27, 28] .
In this paper, we report a study of the petrology and REE composition of clasts from two hot desert feldspathic lunar meteorites, and compare the data with other lunar meteorites and with the Apollo collection. The aim was to determine the original melt composition from which the relict clasts formed. This in turn will allow us to place constraints on the origin and early melting events of the Moon, to assess how these have been affected by later impact processing.
Techniques
We studied feldspathic lunar meteorites Dhofar (Dho) 081 and Dho 908. Samples were prepared into 200 µm thick polished sections. For Dho 081, the resin used for section preparation was doped with bismuth, so that accidental analysis of the resin could be easily recognized. The sections were first characterized by reflectance optical microscopy and scanning electron microscopy (SEM; Zeiss EVO 15LS). Samples were imaged using backscattered electron and cathodoluminescence (CL) techniques and energy dispersive X-ray mapping (EDX), to determine whether clast areas were single stoichiometric mineral grains and to document any internal heterogeneity.
Major element abundances were measured by a Cameca SX100 wavelength dispersive electron microprobe at NHM, with a 20 nA beam current, using silicate, oxide and metal standards. Errors (standard deviation in wt%) were Al = 0.11; Si = 0.12; Ca = 0.12; all other elements less than 0.02. Detection limits were less than 250 ppm for each element. Analyses were performed in spot mode using a focused 2 µm beam.
Trace element analyses of relict mineral phases were performed by laser ablation inductively coupled mass spectrometry (LA-ICP-MS). The instrument used was an Agilent 7500cs ICP-MS coupled to an ESI New Wave Research NWR 193 nm laser ablation accessory. Carrier gases were a mix of Ar and He. Analyses were performed in situ, using spot analyses with a spatial resolution of approximately 50-100 µm. The size of the analysis volume allows bulk compositional information to be made of individual plagioclase clasts. Measurements were made for 90 s, during which time the abundances of 33 elements were monitored. The external standard used was NIST 612; Ca wt%, as measured by the EMPA was used as an internal standard, by monitoring mass 43 Ca and measuring CaO abundance by electron microprobe. Errors for each element are calculated by repeat measurement of NIST 612 standard, typically they are less than 2% (relative standard error). Element determinations are presented as ratios to the Ivuna type carbonaceous chondrite values [30] . . SEM-EDX false colour element abundance map of Dhofar 081. Mg = green, Al = blue, Fe = red. The texture indicates that this is an impact melt breccia with melt crystallizing on pristine clasts. CL images of three of the clasts are also shown. Clast 1 appears homogeneous in CL, with a clear reaction rim. All the Dhofar 081 analyses reported from this meteorite in this paper are from this clast. In clast 2, planar features can be seen in CL that are not visible in backscattered electron images. These may be shock-related characteristics. In clast 3, the convoluted schlieren textures seen in CL but not in backscattered electron images suggest that the clast may have remelted.
Results (a) Mineralogy and petrography
Samples. Previous authors have recorded plagioclase major and trace element data from rock and mineral fragments in lunar meteorites MacAlpine Hills (MAC) 88104/05, Dar al Gani (DaG) 262 and 400, Dho 081 [15, 31] ; see also [32] . We include here additional new data for lunar meteorites Dho 081 and Dho 908.
Dhofar 908 is a granulitic breccia containing magnesian anorthosite-rich lithologies. It has been launch grouped with Dho 489 [33, 34] and several other similar stones [31] . It is a dark grey coloured rock containing pinkish to white fragments, composed of rounded lithic clasts within a fine-grained matrix that formed from an impact melt [35] . The weathering grade of this meteorite is fairly high and it contains Ba-and Sr-bearing terrestrial-formed minerals such as celestine.
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The texture of the section of Dho 081 we studied (BM2004, M5) is that of a clast-bearing impact melt with relict grains that have acted as nucleation sites for crystallization from the surrounding melt ( figure 1 ). There were three large (more than 200 µm) clasts in this section; all are anorthositic in composition. The anorthositic clasts are composed of more than 90% plagioclase (An 96 ) with minor olivine (Fo 64 ) and rare pyroxene. Major element abundances are summarized in table 1.
Warren [29] has warned against interpreting all such small clast sizes as being pristine remnants of crystals from a primary igneous origin. To exclude materials which might have had their bulk composition contaminated by melt processes associated with later impact, we selected only fragments that showed (i) relatively coarse clast size (approx. more than 500 µm), (ii) the presence of pervasive, oriented fracturing indicating crystallinity rather than shock (e.g. maskelynization), (iii) low bulk Mg and Fe abundances suggesting melting of mixed mafic-felsic phases, and (iv) a lack of metal particles derived from impactors. We further began to investigate whether CL could be used to recognize relict clasts, using Dhofar 081 as a case study. We analysed the three main anorthositic clasts in this section by CL. Of these, one seemed homogeneous throughout the interior, and therefore probably pristine (i.e. unshocked) under CL but with a clear reaction rim (figure 1). A second clast showed some planar features that may be related to shock processing and a third showed contorted schlieren textures indicating that this clast had been melted. We conclude that CL may be a useful new tool in documenting textures that can be used to recognize pristine, unshocked, anorthositic clasts in lunar meteorites. (ii) Dhofar 908
In Dhofar 908, 12 measurements of REEs were acquired, on seven separate clasts. REE concentrations are shown in table 1 and in figure 2. Of these, two show clear chemical evidence of terrestrial contamination, as they contain high Sr values of more than 500 ppm compared with 300-400 ppm in the most unaltered plagioclase (table 1) . Overall, the data from Dho 908 exhibit a wider variation in REEs than Dho 081. They show a general pattern of being fractionated with an increase in light rare earth element (LREE; 0.2-1.8 × CI), with a clear positive anomaly in Eu (abundance of Eu is 11-16 × CI). Heavy rare earth elements (HREE) are present at levels of 0.06-7 × CI.
(iii) Comparison between meteorites
The single pristine anorthite crystals in Dho 081 fall at the lower end of the range of REE abundances of plagioclase in Dho 908, and it may have less LREE/HREE fractionation than Dho 908.
Discussion (a) Comparison to previous work on Apollo and lunar meteorite samples
The lunar highland meteorites discussed here bear major element mineral chemistry similarities to the Apollo FANs. In situ analyses of FAN lunar samples by ion microprobe have been performed by Floss et al. [39] , Jolliff & Hsu [40] , Papike et al. [41] , James et al. [42] , Snyder et al. [43] and Floss et al. [12] . Equilibration and redistribution of REEs during metamorphic processes have been carefully considered in these studies. Comparison of REE patterns in coexisting anorthite, olivine and pyroxene shows that extensive redistribution of REEs in plagioclase has not occurred [12, 19, 41] . (This is also true of most, although not all, coexisting lunar meteorite minerals [15] .)
Anorthite crystals in FANs typically exhibit REE abundances at levels of 0.5-10 × CI for LREEs and 0.05-1 × CI for HREEs (figure 3a). All anorthites from FANs, and indeed the bulk rocks, show a large positive europium anomaly ( figure 3a,b) , with Eu abundances of around 10 × CI or more. A subset of Apollo FANs, the 'mafic ferroan' FANs [42] , have notably higher REE abundances and smaller Eu-anomalies ( figure 3a,b) . Lunar meteorite anorthosites have similar overall REE patterns to Apollo samples (i.e. low REEs and a positive Eu anomaly: figure 3a) , but there are differences in detail. Anorthite clasts in Dho 081, as measured by our study, have lower LREE abundances than any Apollo FANs.
Joy [32] showed that by plotting Eu/Sm (chondrite normalized showing the degree of the Eu-anomaly) as a function of Sm (as a proxy for the abundance of REEs and other incompatible elements; its abundance in a melt increases as crystallization takes place) and Na (as a proxy for An#), several trends can be distinguished in different Apollo rock types (figure 4). Figure 4 shows the Eu/Sm versus Sm systematics for Apollo samples and lunar meteorites including those from this study. 4 . Variations in plagioclase chemistry measured in lunar meteorites (this study, [15, 31] ) and Apollo highland rock suites [11, 12, 41, 45, 46] . Eu/Sm values are chondrite normalized [30] and scale is inverted to reflect Mg# versus An# trends in Apollo highland rock suite mafic and felsic minerals [9] . In (b), a field has been drawn around the ferroan anorthosite plagioclase excluding the mafic ferroan group that have lower Eu/Sm ratios. 5 × CI (but higher levels of Eu, which is preferentially incorporated into the plagioclase structure). As crystallization progresses, the REE abundances would become higher, as the residual liquid becomes increasingly concentrated in REEs. However, the Eu/Sm would decrease, as more Eu is preferentially scavenged from the melt during plagioclase crystallization. Therefore, a crystallization trend is expected of increasing overall REE and decreasing Eu/Sm.
In figure 4 , as crystallization of a homogeneous magma takes place, the composition of crystallizing anorthite would be expected to change along a single straight trend line. This plot shows, however, that the 'mafic ferroan' anorthosites are distinguished from the main group FANs. The high Mg-suite and high alkali suite also clearly have their own chemical trend lines and display heterogeneity within each group, demonstrating a range of source magmas to account for variability at different Apollo landing sites. Analyses of lunar meteorite plagioclase reported in the literature fall on a distinct trend; these rocks typically have smaller Eu-anomalies for their overall REE abundances and high anorthite content [32] (see also figure 4 ).
The new data we have acquired from Dho 908 span the range for Apollo FANs and lunar anorthosite meteorites. Some analyses in Dho 908 show values similar to the most REE-poor FANs (i.e. the anorthositic ferroan subgroup [12, 42] ). Other data points have smaller Eu-anomalies similar to other lunar meteorite plagioclase analyses (figures 3 and 4). The data from Dho 081 are limited in this analysis due to low abundances of REEs below the instrument detection limits; however, one data point is intermediate to lunar meteorite and Apollo FAN plagioclase trends.
These data measured in both Apollo FAN plagioclase and lunar meteorite plagioclases, therefore, show a wide range in values and do not fall on a single chemical trend line. This range in petrological and geochemical characteristics of ancient lunar anorthosite must be explained by any model of their formation.
Using mineral-melt element partitioning data, we can estimate the melt composition from which the anorthite crystallized. Most lunar researchers have used the partitioning data compiled by Snyder et al. [3] . It has been noted that the Snyder et al. partition coefficients may not adequately model the actual REE values in the melt [47] . However, here we are merely comparing differences between Apollo and lunar meteorite anorthosites all calculated using the same set of values; our conclusions remain valid regardless of which set of partition coefficients are used. Furthermore, there is still no consensus in the lunar community about the most appropriate partition coefficients to use for different lunar systems. The Snyder values were used originally for the Apollo data used in many historical petrological models (including those published within the last 5 years), so it avoids confusion to use the same system for Apollo rocks already reported in the literature.
These calculations suggest that the parent melt from which most of the Apollo FAN [12, 19, 41] formed was unfractionated with respect to REEs, with a small negative Eu-anomaly and divalent REE abundances ranging from 6 to 90 × CI ( figure 3) . Members of the FAN mafic ferroan suite have higher plagioclase REE (50-290 × CI: figure 3 ). According to calculations of Snyder et al. [3] , if it is assumed that the Moon originally had REEs in chondritic proportions, then the most primitive anorthosites crystallized after approximately 80% of the magma had solidified. At this stage, the melt would be enriched in REEs and other incompatible elements to a degree consistent with that observed in Apollo FANs.
Our calculations of parent melts in equilibrium with clasts from Dho 081 and Dho 908 show a range of compositions, from approximately 6 to approximately 93 × CI and are typically unfractionated. The melt compositions are relatively similar to those observed in most Apollo FANs ( figure 3) . What is notable is that the Dho 081 plagioclase appears to have crystallized from a more LREE-enriched parent melt than the Apollo FAN samples.
(b) Implications of heterogeneity in crustal anorthosites
The REE data of lunar meteorite and Apollo anorthosites show significant REE (see also [12] ) heterogeneity and do not fall on a single trend line in Eu-anomaly (i.e. Eu/Sm chondrite normalized) versus Sm space. We therefore propose that they did not all crystallize from an initially globally homogeneous but evolving ancient magma ocean. The high level of crystallinity of the global lunar magma when it was close to complete solidification may have caused pockets of melt that were not mixed with the rest of the melt; however, this should not stop them evolving along the same trend as the global composition.
There are other lines of evidence that point to significant differences between lunar anorthosite specimens, also suggesting that they had heterogeneous magma sources.
Gross et al. [28] showed that the major element mineral compositions of anorthositic clasts from lunar meteorites do not fit well with the compositional fields as defined by Warren [29] for highland materials. Lunar anorthosites tend to be more magnesian in composition and bridge the gap between FAN and Mg-suite rocks (see also [34, 48] ). This is also true of the lunar meteorite plagioclase Eu-anomaly (figure 4), which bridges the gap between FANs and Mg-suite rocks. The Mg-rich composition of coexisting mafic minerals is difficult to explain by the lunar magma ocean model, as anorthite crystallizes only after most Mg-rich mafics, and the composition of co-crystallizing mafic minerals would be expected to be more ferroan [28] .
Gross et al. and also Korotev et al. [49] point out that there are no lunar meteorites that are pure anorthosite, merely ones containing anorthositic clasts, weakening the argument that most of the lunar surface contains an underlying anorthosite layer. Furthermore, the lack of KREEP components in most lunar meteorites and measured from remote sensing observations (e.g. [50] and references therein) suggests that KREEP may not be globally distributed in the Moon.
Nyquist et al. [27, 51] reported Sm-Nd isotope systematics for lunar meteorites and compared these to Apollo rocks. These data show that the εNd of Apollo 16 FAN and lunar meteorites source regions show variations with some samples exhibiting positive εNd and some negative εNd. These data are also supported by those summarized in Borg et al. [13, 52] and discussed by Longhi [53] . This indicates that they formed from parent magmas both enriched and depleted in the HREEs, whereas an initially chondritic melt would be expected to evolve towards LREEenriched values as observed in lunar KREEP. The authors concluded that anorthosites do not all form from the same magma source and, therefore, are not all products of the lunar magma ocean.
The ages of lunar anorthosites are reviewed by Carlson et al. [54] . The lunar magma ocean theory suggests that anorthosites are the oldest lunar crustal rocks. Age dates for FANs span a range from 4.5 to 4.3 Gyr, but with typically large errors. The most accurate date for a lunar FAN, sample 60025 reported by Borg et al. [13] using 207 Pb-206 Pb, 147 Sm-143 Nd and 146 Sm-142 Nd isotopic systems, yields an age of 4360 ± 3 Myr. As this is much later than the formation of the Solar System, the authors concluded that either the Moon formed late (up to 200 Myr after the beginning of the Solar System), or did not have a lunar magma ocean. Indeed, the new ages for measured anorthosites overlap with the ages of lunar basalts and KREEP, in conflict with the magma ocean model. The age of Apollo 16 FAN sample 60025, forming 200 Myr after the beginning of the Solar System, seems too young to be explained as a primary crystallization product of the magma ocean from a Moon that formed approximately 4.5 Gyr ago [55] and produced a plagioclase-rich crust within 10 Myr after formation, unless tidal forces resulted in continued heating [6] .
Consolmagno [56] argued that a simple model of magma ocean differentiation and crystallization was incompatible with seismic and other geophysical data. Likewise, recent data from the GRAIL mission [57, 58] have led to new estimates of the thickness of the lunar crust of 34-43 km, which are thinner than previously inferred from simple magma ocean models. The GRAIL results, however, are dependent on assumptions about the composition of the lunar crust (they assumed the presence of a lower crust with the density of pure anorthosite) and may have to be revised in light of the geochemical constraints discussed here.
Conclusion
The lunar meteorites have enriched and expanded our collection of lunar materials available for study on the Earth. Although heavily impact processed, they can offer additional insights into the geological history of the Moon. Major and minor element and isotope analyses of lunar meteorites compared to Apollo samples show that the anorthosites did not have a common magma source. This points to a model of their formation that is more complex than crystallization of all anorthosite from a homogeneous lunar magma ocean. One possibility is that a primordial lunar crust formed from a global magma ocean was subjected to secondary anorthositic magmatism. An alternative explanation of crust formation could be through a process of serial magmatism [28, 53, 59, 60] , in which plagioclaserich crystalline mushes formed from large plutons and rose as diapirs to form the lunar crust and were emplaced into a primary lunar magma ocean surface quench crust [53, 61] . The more mafic components eventually sank to the mantle, and the crust became increasingly anorthositic. A similar model may explain the origin of terrestrial anorthosites as well [59] . However, the lower gravity of the Moon makes lunar anorthite segregation less efficient than on the Earth.
Alternatively, or in addition to this serial magmatism process, very early (more than 4.3 Ga) impacts of material left over from Solar System formation may have created large-scale regional melting of the 'warm' upper lunar mantle and lunar crust. Plausibly such regional impact melt seas could have differentiated [62] [63] [64] giving rise to the large age range of lunar FANs and heterogeneous isotopic and chemical characteristics between Apollo FAN and lunar meteorite feldspathic materials. These alternative models of their formation are also discussed by Crawford & Joy [65] and illustrated in fig. 3 of that work.
Such models are appealing as they allow for heterogeneities in the geochemical characteristics of crustal rocks that are not possible in the magma ocean model, as well as explaining the relatively wide range of ages, and young ages of some lunar anorthosite [13, 54] 
